Abstract-In order to select Raman laser materials for a specific purpose, it is important to know which frequency shifts and excitation power thresholds can be expected from various substances.
Most of the papers on SRS have dealt with the many interesting properties of the effect itself. However, SRS also holds promise as a research tool for special spectroscopic investigations; to name just a few examples, the study of fast chemical processes of various kinds (detection of intermediate reaction products), light scattering experiments in the atmosphere, and the study of other nonlinear effects which may require the use of an intense light source either of one specific frequency or containing several specific frequencies simultaneously. Many potential users of SRS in applications of this type might find it cumbersome to utilize the coherent Raman effect, however, because they are not especially familiar with Raman spectroscopy. The present paper was written for the benefit of this group of readers; it is intended to assist in choosing new Raman laser materials if an experiment requires specific frequencies which have not yet been produced coherently, and it also includes a table listing all materials which have exhibited SRS to date, together with the observed frequency shifts. A considerable number of references are given which may serve as a guide for deeper penetration into general Raman spectroscopy, as well as for an orientation among the current problems in the field of SRS. [Zl] , [22] , but while one of them [22] was subsequently shown to be irrelevant [20] , the others have not been tested conclusively as yet. In spite of thjs situation, the peak intensity of a n incoherent Raman line can still be consldered as the essential guide for its expected SRS threshold, and in each case where, data are available the rule has been followed that for any particular substance the) incoherent line with the highest peak intensity should exhibit the lowest SRS threshold. Table  I1 shows more specifically the changes in frequency one can expect t o obtain if, for example, a NO, group is at,tac:hed to various st,ructures [32] . In many cases solvents affect t,hc vibratiord frequencies of dissolved molecules, thus providing a convenient means for tuning a Raman laser frequency. These frequency shifts, ranging up to some tens of cm-', are caused by complex formations in the liquid; the large shifts are caused by hydrogen bonding.
When a certain group is part of similar molecules, and when it is sufficiently isolated from another group of the same kind, its Raman lines possess not only charact.eristic frequencies, but characteristic intensit,ies as well [ B ] , [as] , [33] . The intensit,ies depend strongly on t,he type of bonds between the vibrating aDoms. They are usually much higher for covalent, than for ionic bonds. This is caused by the fact that the Raman line intensity resulting from a vibration of a bond is dependent 011 the rate of variation of the polarizability during the vibrat,ion. In the case of a covalent bond, valence electrons are shared by the atoms, and a change of the distance between the nuclei will strongly affect t,he polarizability. In the case of ionic binding, where each electron is essentially under the influence of only one nucleus; the change of polarizability during a vibration will be small, and accordingly, t,he intensity of the Raman line will also be small.
Investigat,ions of nunlerous organic compounds have shomm that a great enhancement of the intensity of certain Raman lines takes place (for excitation with the commonly used visible or near ult;l.aviolet mercury lines) L .: 
H z
when the molecule has conjugatcd bonds (i.e., alte~xating single and double bonds) or, more generally, when t'he molecule exhibits '' resonance"' [ % I , [29] . Examples of the effect are presented in Table HI . This shows the intensity of Raman lines from the KO? and the C = X groups, respectively, as part of 1) nonconjuga,ted and 2) conjugated systems [as] .
The following reason underlies this phenomenon. Conjugation causes a considerable change of the electronic energy states of a molecule compared with a similar one which has no conjugated bonds. It particularly affects the low-energy excited staOes which are frequently most important as intermediate states for the Raman T electrons. The word "resonance" indicates that a molecule cannot This term is used in chemistry to describe the delocalization of be represented by a single classical structure with localized bonds or charges, but only by several such structures, and its true state is essentially a hybrid of these representations [34] .
localized T electrons as compared to other organic molecules exclusively containing u electron^.^ The closer the frequency of the exciting light approaches that of the first electronic absorption band of any molecule, the more emphasized, in general, is the role of the approached states as intermediate states for Raman scattering. I n the case of resonance, the corresponding frequency difference term in (4) will become very large4 and only the approached electronic state needs to be considered.' Resonance Raman effect [27] , [29] has been studied mainly on conjugated systems, and the intensity of certain Raman lines was found to increase by several orders of magnitude. The stimulated version of the resonance Raman effect has not been reported yet.
B. Injluence of the Symmetries of Molecules and Molecular Vibrations on the PYopeTties of Raman Lines
In general, the scat,tering tensor is complex and unsymmetric, and the sum which extends over all the excited electronic states and represents its components cannot be evaluated. An important simplification of this problem was found by Placzek [24] . He showed that for a nondegenerate electronic ground state and for a vo, which is essentially different from any electronic or vibrational eigenfrequency of the molecule, t,he scattering tensor is real and symmetric and is related t o the polarizability tensor. Its components can then be expressed as sole functions of the vibrational coordinates yi. By a Taylor expansion in these coordinates, Placzek derived expressions for the intensity and the degree of depolarization of Raman lines, which contain only two invariants of the polarizability derivative tensor a': its "average" (or isotropic part) ah and its "anisotropy" y". Under these conditions, the Raman intensity due t,o scattering by a single molecule becomes of probability amplitudes" can occur. For many of the molecules in 3 Since some of the terms in (4) may be negative, an "interference question and the excitation frequencies as stated, the situation is much simplified, however, by the following findings: Experimental studies on polyenes and on nitro-compounds [29] , as well as theoretical intensity calculations on polyenes and. some aromatics [37] [381.
4 A dampmg correctlon must be added to (4) If resonance occurs all Raman lines were found to be enhanced in case of resonance with 6 For some simple molecules or ions (e.g., CCL, SO2; CO,z;), the first absorption bands [40] . However, this is not the case for all molecules. For conjugated molecules, mainly Raman lines due to totally symmetric vibrations have been enhanced in intensity when the first absorption bands were approached [27] . for irradiation with a collimated beam, and the degree of depolarization for linearly polarized exciting light, observed perpendicularly to the direction of E and the direction of incidence, becomes
Here, QICn is the total scattering cross section, I , is the intensity of the exciting light,
For molecules possessing the symmetry of one of the common point groups, certain components of the polarizability tensor vanish, as was determined with the aid of group theory. This result,s in some general rules concerning intensity and depolarixaOion for lines of certain symmetries. It was found that for the t-otally symmetric vibrations a h does not vanish, but that it does vanish for all others (the rule is only approximately valid for degenerate vibrations). In general, therefore, the totally symmetric vibrations produce the most intense Raman lines.
For totally symmetric vibrations of all molecules of cubic symmetry (point groups Oh, T,, 0, T,, T ) yr2 = 0, and therefore, ps = 0 according t o (6). For all other symmetry groups p s is not determined by symmetry and varies between 0 and 2. For all nontotally symmetric vibrations p = 2, since a; vanishes. The values for p which are quoted in the 1iOerature are in general too high for strongly polarized lines [41] . This results from the fact that they represent mean values because the depolarization of a Raman line varies as a function of frequency due t o its rotational wings: The center part (Q branch), which contains all the light scattered on account of the isotropic part of the polarizability derivat,ive tensor, is more strongly polarized. In the case of crystals, it is customary to distinguish between internal and external (lattice) vibrations. The former are vibrations which take place m-ithin groups of atoms which are more tightly bound t,o each other than to other atoms or goups in the crystal, e.g., COi-in calcit,e or any molecule in a molecular crystal. The totally symmetric ones among these vibrations generally show little dependence of their properties on the phase of the material, provided that the compound exists in a free state. Very detailed calculations have been made on absolute intensities and depolarizations by Saksena [42] for all modes of lattice vibrations in the 32 crystal classes for specified directions of irradiation.
The width of vibrational Raman lines is essentially determined by rotational motions of the molecule as a whole or some of its parts, by intermolecular interactions (in liquids and solids), by the occurrence of structurally similar, weakly coupled groups which are not located in equivalent positions within the molecule, and by isotope effects. The complexity of these effects explains the lack of a general theory for the width of Raman lines in liquids and solids.
It was found experimentally that totally symmetric vibrations usually produce the sharpest lines in any one spectrum. This can be understood by means of a detailed theoretical discussion of the rotational Raman effect [43] . According to this theory, only the anisotropy of the polarizability derivative tensor is responsible for the rotational structure (or the rotational wings) of vibrational lines. Consequently, lines with vanishing or small 7'' (totally symmetric vibrations) are usually very narrow.
The theory of the rotational Raman effect applies strictly only to gases, but it is &ill possible to make some qualitative statements for the case of a liquid or a solution. The following two effects have the most profound influence on the widths of Raman lines from liquids: the random fluctuations of the intermolecular forces and the formation or dissociation of complexes [44] . Both effects will change the rotational mobility of the molecules and can, therefore, increase as well as decrease the line width. Again, the influence will be most pronounced for nontotally symmetric vibrations and will hardly, or not at all, affect the totally symmetric vibrations for which y" is small or vanishes [45] , [46] . However, if a group participates in a hydrogen bond, even its totally symmetric vibrational line may markedly change its width [45] .
DISCUSSION OF MATERIALS AND
VIBRATIONS EXHIBITING SRS If one considers the substances and the participating vibrations which have been found t o exhibit SRS to date (Table IV) , one finds that there are representatives of a large variety of classes of materials among those listed: different kinds of aromatic compounds (e.g., benzene derivatives and naphthalene derivatives), saturated sixmembered rings, different kinds of aliphatic compounds (e.g., ketones and dienes), inorganic compounds, and elements,
The organic compounds were used either as liquids, solutes, or gases, the inorganic compounds as crystals or liquids, and the elements as crystals, liquids, or gases. All vibrations which were found active in SRS are stretching vibrations, with the exception of one S8 vibration (216 cm-') [32] . They are all of the totally symmetric kind. Many of the groups which participate in these vibrations are either complete conjugated systems (one aromatic ring or two condensed aromatic rings) or parts of conjugated systems C = C, C=N, and NO,. In a considerable number of cases, CH, (n = 1, 2, 3, 4) vibrations could be stimulated. These vibrations are known to produce intense lines because of their large zero-point amplitude which is due to the small mass of the H atom (this applies to HZ as well) and also because of some proportionality existing between the intensity and number of participating bonds (for n > 1) [50] . I n most of the listed organic compounds, several CH, groups exist per molecule; however, since the groups are weakly coupled, they do not add to the peak as much as to the width of the line. The compounds CCI, and CH C1, are weaker scatterers than those with a conjugated system, as can be seen from Table V. This table lists it has been determined that ( 4 5~1 '~)~~~ = 13 X lo-' cm4g-l for CCl, vapor [60] . Using expressions from [24] and [23] , together with (5) and (7), the following approximate relation between the scattering coefficient S and the tot,al scattering cross section Q for forward scattering per molecule and per unit solid angle is obtained for irradiation with a linearly polarized collimated beam?
Here, % , and i; are the respective wavenumbers of the exciting light and molecular vibration, g is the degree of degeneracy of the Raman line; and no, the refractive index of the particular substance at the frequency of the exciting light. The factor ((ni + 2)/3)4 is a local field correction, has been measured from the liquid [61] as well as from the vapor.
6 The absolute value of cy'z for the 459 cm-1 Raman line of CCla
The liquid value was determined by measuring relative to the Rayleigh line and the vapor value by measuring relative to the pure rotational line of hydrogen (J = 1 + 3) [60] . The two values for OL'~ obtained in this manner differ by a factor 2.6. Since the theoretical formulas for Raman and Rayleigh scattering apply to a gas only, scattering in a liquid. All corrections for the Raman line apply for a number of corrections must be made when they are applied to parative measurement. However, Rayleigh scattering intensities are the Rayleigh line as well and, therefore, are cancelled out in a comaffected in addition by interference effects and Tyndall scattering, and the corrections for these effects contain a large uncertainty [60] . Thus, the value for a'2 obtained from the vapor can be considered as more accurate, and should, therefore, be used in (8). The use of an a's value determined from vapor measurements ignores the in--fluence of intermolecular interactions in the liquid. However, in most cases, this influence can be expected to be fairly small for totally symmetric vibrations, and scattering cross sections calculated in this way from scattering coefficients agree quite well with those quoted in Bret and Mayer [21] and McClung and Weiner [56] . zene [49] .
by more accurate results obtained by the present author.
* The assignments are according to Landolt and Bornstein 1321, except for pyridine [47] , styrene [48] , and all monoderivatives of ben-** The uncertainty of the frequency shifts can be as large as f 1 0 cm-1. I n some cases, the shifts quoted in the references were replaced t These laser lines appeared as multiplet. Only the smallest shift is given [3] . which accounts for the change of the applied radiation field when acting upon a molecule in a substance of refractive index no [67] . Most substances which have shown SRS have been in the liquid phase, and only four crystals are among the listed SRS materials. The following reasons may be pointed out t o explain the fact: There are very few crystal structures which are compatible with the demands of covalent compounds regarding valency and spatial configuration. The most important ones among these are the diamond, zincblende, and wurtzite structures, but only diamondtype crystals have purely covalent bonds. (The 111-V compound semiconductors, for example, ' which crystallize in the zincblende lattice, and the 11-VI compounds, which crystallize either in the zincblende or wurtzite lattice, have partially ionic bonds. Therefore, they can be expected to be weaker scatterers than diamond or silicon.) It follows from the above argument that, organic compounds form, in general, molecular crystals whose external (lattice) vibrations are not very strong because of the weakness of their intermolecular bonds. The internal vibrations of these crystals,. on the other hand, are only slightly shifted in frequency and little altered in intensity by the transition from the liquid to the solid phase. Therefore, as long as one does not go to very low temperatures where the linewidths can be expected to decrease, little incentive exists to use molecular crystals for SRS, rather than the corresponding liquids. At power levels similar to those required t o achieve SRS from internal vibrations of covalent complexes in'calcite (COi-) and calcium tungstate (WOi-), some other crystals containing covalent complexes should also exhibit SRS.
It has been observed that crystals show surface damage, damage tracks, or cleavage when subjected to a laser beam of a power density in the multi-MW/cm2 range. ' The damage has been ascribed to acoustical phonons generated by the laser beam [62] , [63] , but is not yet fully understood. (See also Hercher [64] and Chiao et al. [65] .) Under the same circumstances, several organic liquids have shown evidence of some photochemical reactions, such as a change of color or the appearance of numerous small suspended particles. No investigations of these processes occurring in liquids have been reported as yet. The effects mentioned here may restrict considerably the number of suitable materials for any application requiring their repetitive use, and they also set an upper limit for the power density with which a particular liquid or solid can be irradiated repeatedly.
In conclusion, it can be stated that it is only a question of the achievable power level of the exciting laser and of the chemical stability and/or mechanical strength of the compound whether a Raman active substance can be stimulated to exhibit Raman laser action. However, for a high conversion efficiency at typical excitation power a-sulfur while at the same power level, diamond showed a phase 7 Tracks and surface pitting have been produced in calcite and transistion to graphite on the surface, but no tracks; cleavage was observed in naphthalene [6] . levels (0.5-50 MW), one should choose compounds with strong absorption bands close to the exciting frequency, in particular conjugated compounds for excitation in the visible or near ultraviolet; also, for a restricted frequency range, compounds containing CH groups, and more generally, groups with strongly covalent bonds. One should anticipate the most success with the stimulation of totally symmetric stretching vibrations for any given compound.
